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Herein a study on the preparation and cathodoluminescence of monosized spherical nanoparticles of Y2O3:Eu3+ having a Eu3+
concentration that varies between 0.01 and 10% is described. The luminous efficiency and decay time have been determined at
low a current density, whereas cathodoluminescence-microscopy has been carried out at high current density, the latter led to
substantial saturation of certain spectral transitions. A novel theory is presented to evaluate the critical distance for energy transfer
from Eu3+ ions in S6 to Eu3+ ions in C2 sites. It was found that Y2O3:Eu3+ with 1–2% Eu3+ has the highest luminous
efficiency of 16lm/w at 15keV electron energy. Decay times of the emission from 5D0 (C2) and 5D1 (C2) and 5D0 (S6) levels were
determined. The difference in decay time from the 5D0 (C2) and 5D1 (C2) levels largely explained the observed phenomena in the
cathodoluminescence-micrographs recorded with our field emission scanning electron microscope.
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In a study of the cathodoluminescence (CL) of europium-doped
yttrium oxide (Y2O3:Eu3+) and zinc-doped zinc oxide (ZnO:Zn) we
described both a new measuring method1 and an idea to maximize the
light output of single and multilayers of particles of these phosphors.2
The phosphors used in these published studies were spherical nanopar-
ticles of Y2O3:Eu3+ and micrometer sized ZnO:Zn particles. The
spherical nanoparticles of Y2O3:Eu3+ were not monodisperse, be-
cause they consisted of a mixture of various batches. The objective
of the continuation of our investigations that are reported herein was
preparing and characterizing monosized spherical nanoparticles of
Y2O3:Eu3+ with various concentrations of Eu3+. In this work CL-
techniques were used as the characterization method of choice: in a
vacuum system equipped with an electron gun and spectrometers, and
in a field emission scanning electron microscope (FESEM).3
The application of Y2O3:Eu3+ in cathode ray tubes has fos-
tered extended luminescence studies of this material. Before 1996
these studies were focused mainly on micrometer sized particles,4–12
more recently the attention has been directed to nano-sized powder
materials.13–19 In the earlier studies4–12 the focus was on the interpreta-
tion of the excitation and emission spectra in terms of energy transfer
in the Y2O3:Eu3+ crystals, whereas in the latter studies13–19 the atten-
tion shifted toward the synthesis of nanomaterials. Most studies used
photoluminescence (PL) techniques,4–7 which enabled the excitation
of energy levels having a particular symmetry and yielded insight on
the energy flow in Y2O3:Eu3+. Most studies on the CL of Y2O3:Eu3+
were limited to the evaluation of the luminous efficiency.10–12
A detailed investigation of the energy flow in Y2O3:Eu3+ after
excitation by an electron beam was performed by Klaassen et al.8
These authors also studied saturation effects in Y2O3:Eu3+ at high
current densities in an electron microscope.9 Although the work of
Klaassen et al. is comprehensive and extensive, it was considered
worthwhile to investigate the CL-spectra at low current density and
the decay behavior of Y2O3:Eu3+ at low and high current densities
using a different method of analysis. Moreover, Klaassen et al. did
not indicate which spectral transitions they selected for their analyses.
This selection is not trivial, because many peaks in the spectrum of
Y2O3:Eu3+ suffer from overlap or are combinations of more than one
spectral transition.5,6
The first phase in the energy flow in Y2O3:Eu3+ after excitation
of the Y2O3 lattice by an electron beam is charge transfer by exciting
the Eu3+ ions. Then fast radiationless relaxation to the various 5DJ
levels of Eu3+ takes place. From these levels light is emitted. How
the various 5DJ levels are populated will not be addressed, but rather
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limit the study to the energy transfer between Eu3+ ions in the two
crystallographic sites. Pure and Eu3+ doped Y2O3 crystals have the
cubic structure of the mineral bixbyite with 16 Y2O3 molecules in one
cell.4,20 In Y2O3 there are two different Y3+ lattice sites, which possess
the point symmetries C2 and S6 (Schoenflies notation): 24 lattice sites
have C2 symmetry, while the other 8 have S6 symmetry. Both sites
are six coordinate and are thus present in the ratio of 3:1. The sites
are presented in Figure 1. Upon doping Y2O3 with Eu3+ these lattice
sites are occupied with Eu3+ with almost equal probability.4
Heber et al.4 and Buijs et al.7 derived from PL-measurements of
Y2O3:Eu3+ with various Eu3+ concentrations and at various temper-
atures respectively that after excitation of a crystal with high Eu3+
concentration, energy can be transferred from S6 states to C2 states.
At low Eu3+ concentration there is no interaction between a Eu3+ ion
at a S6 site and a Eu3+ ion at a C2 site respectively and thus, there will
be no energy transfer. Energy transfer also occurs in phosphors that
are excited by an electron beam; therefore, it was also an objective of
this work to investigate what information concerning energy transfer
can be obtained from CL-spectra that are generated without activation
of specified energy levels.
In a review entitled “Probes of Structural and Electronic En-
vironments of Phosphor Activators: Mossbauer and Raman Spec-
troscopy” we commented on work reported on commercial Y2O3:Eu3+
phosphors.21 This work showed that in Y2O3:Eu3+, having an Eu3+
concentration of ca. 4.7 mole %, efficient energy transfer occurs be-
tween the S6 and C2 sites for Eu3+ in the 5D0 level. As the 5D0 level
in the S6 site is 87 cm−1 higher than the same level in the C2 site,
the efficient energy transfer from S6 to C2 sites presumably occurs
by simultaneous creation of a phonon.22 This efficient energy transfer
is necessary for the high emission efficiency of the Y2O3:Eu3+ phos-
phor, as the 5D0 →7F2 transition which gives rise to the red 611 nm
emission is electric dipole allowed for Eu3+ in C2 sites but forbidden
for Eu3+ in S6 sites.
In this work it was decided to focus on the 5D0→7F1 (S6) tran-
sition at 582 nm and the 5D0 →7F2 (C2) transition at 611 nm, be-
cause these are reasonably well separated from other transitions6 and
allow luminescence decay measurements that are not perturbed by
a large overlap of nearby transitions. Another important condition
for this selection was the radiance of the 5D0→7F1 (S6) transition at
582 nm, which was sufficient to perform decay measurements at room
temperature.
The outline of this paper is as follows. In the experimental section
the synthesis of monosized spherical Y2O3:Eu3+ nanoparticles, the
deposition of thin films and the measuring methods are described. Re-
sults and discussions thereof are presented in the subsequent section.
The final section contains the conclusions.
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Figure 1. C2 and S6 sites of the Y3+cation in cubic Y2O3. These sites have
vacancies on a face diagonal and a body diagonal, respectively.
Experimental
Materials.— Yttrium oxide (99.99%) and europium oxide
(99.99%) were obtained from Ampere Industrie, France; urea, ni-
tric acid and isopropanol (IPA) were supplied by Fisher Scientific,
UK., all chemicals were used as received. Glass substrates (1 cm2)
coated with an indium tin oxide (ITO) film (85/sq) were obtained
from Visiontek Ltd., UK. Aluminum pin stubs for the FESEM stud-
ies were polished before cleaning. The ITO and aluminum pin stubs
were carefully cleaned in de-ionised water and IPA using ultrasonic
cavitation. Conductive carbon tabs coated with adhesive on both sides
were also used for the attaching samples for FESEM imaging studies.
Synthesis of monosized spherical Y2O3:Eu3+nanoparticles.— The
synthesis of monosized spherical Y2O3:Eu3+ nanoparticles by the urea
method has been described extensively in our earlier work.1,13,23 Since
the aim was synthesizing particles with a diameter of about 225 nm
after annealing at high temperature, the aging of the turbid suspensions
for all samples was continued for one hour at 90◦C. This aging time
essentially determined the diameter of the spherical particles.
Sample preparation.— Thin films of monosized spherical
Y2O3:Eu3+ nanoparticles (2mg/cm2) were deposited onto ITO-
substrates by electrophoresis from an IPA suspension for the lu-
minance studies. Previously we have reported1 that deposition of
Y2O3:Eu3+ by electrophoresis from an IPA-suspension to which
37.5 mg Mg(NO3)2 (for 500ml IPA) was added to induce charg-
ing of the Y2O3:Eu3+ particles which led to layers that were non-
uniformly coated and therefore produced considerable light scatter-
ing. Although the addition of Mg(NO3)2 is generally recommended
for electrophoretic deposition of phosphor particles onto conductive
substrates,24 by omitting Mg(NO3)2 it was possible to deposit uni-
form layers that had no excessive light scattering. Thus, it may be
concluded that by not adding Mg(NO3)2 the Debye layer surrounding
the nanoparticles was large enough to prevent agglomeration of the
particles, while the charging of the particles was sufficient to enable
an acceptable coating time of about 2 minutes.
Measuring methods.— The morphology and particle size assess-
ment of the phosphor powders were undertaken using a FESEM, Supra
35 VP, Carl Zeiss, Germany.
The microscope is equipped with four detector systems as shown
in Figure 2. The first is an Everhart-Thornley (ET) SE detector, which
collects primarily secondary electrons (SEs), although some backscat-
tered electrons (BSEs) may also contribute.
There is also an in-lens SE detector, for use when a very short
working distance is required, and this detects only SEs. An annular
(retractable) Robinson solid state BSE detector is mounted immedi-
ately above the sample. The microscope has also a facility to collect
CL generated by the electron beam when it hits a phosphor. After
amplification of these light signals in a photomultiplier high quality
panchromatic CL-images of phosphor materials can be obtained. We
have used this facility to study the decay behavior of Y2O3:Eu3+.
Image analysis of the panchromatic CL-micrographs was performed
using ImageJ (Public Domain) software.CL micrographs are repre-
sented in shades of grey; they are therefore called panchromatic. The
gray shade G(i,j) in a CL graph, where i and j indicate a pixel in the
ith row and jth column, can be written as:
G(i, j) = V (i, j)
λ2∫
λ1
P(i, j)s(λ)dλ [1]
where V(i,j) is a geometrical factor representing the viewing factor of
the pixel i,j to the optical detector. From this definition it follows that
V(i,j) also takes care of shadowing effects caused by other particles.
P(i,j) is the power spectrum of the material at pixel i,j and s(λ) is
the sensitivity of the photocathode of the photomultiplier. The inte-
gration is made between the minimum and maximum wavelengths of
s(λ). From Eq. 1 it is immediately clear that the greyscale in a CL-
micrograph is not equal to the radiance, since P(i,j) is convoluted with
s. The term G(i,j) is also a function of time, because of decay of the
fluorescence (or phosphorescence). If the decay time is more than 4
orders of magnitude smaller than the scan rate (in frame/s), there will
no smearing effect visible in the CL-micrograph. For longer decay
times, smearing will be visible. The Zeiss Supra FESEM is provided
with scan rates of 1.7s (ss12) to 0.12ms (ss1) per line and this defines
the range of materials that can be studied. For weakly luminescent
materials and/or the highest scan speeds the images can be repeatedly
scanned and averaged to improve the signal to noise.
Figure 2. Arrangement of detectors in Zeiss Supra
35VP. VPSE detector is the variable pressure detec-
tor that collects and amplifies CL-signals at high vac-
uum condition. BSD stands for backscatter detector.
SE-detector is an Everhard-Thornley detector. The
position of the in-lens SE detector is also indicated.
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Figure 3. Measuring system for decay of spectral
transitions. The spectrometer used in this system was
a Bentham monochromator.
The CL measurements for luminous efficiency and decay times
were carried out in two different high vacuum chambers at a vacuum
level of ≈3×10−6 mbar using Kimball Physics Inc., USA, electron
guns and associated power supplies over the ranges of electron beam
voltages of 1–5 kV and 3–15 kV respectively. The electron guns
had the ability to focus and defocus the beam over a range of current
densities. For the studies of the luminous efficiency a uniform electron
beam by defocusing and a current density of 1μA/cm2 was used.
Deflection plates enabled optimum positioning of the electron beam
on the sample and a ZnO:Zn reference. The latter being a non-charging
thin film of ZnO:Zn powder on ITO to adjust the current on the
charging Y2O3:Eu3+ samples as explained in our previous work.1,2
For the determination of the luminous efficiency, spectral radiance
and luminance were recorded with two Spectrobos 1200 spectrora-
diometers manufactured by JETI, Germany, between 380 and 780 nm
in reflection and transmission mode.1,2 High resolution spectra (±0.1
nm) were also recorded with a Bentham, UK, monochromator detec-
tor system between 350 and 800 nm. By blanking the E-beam of the
Kimball electron gun we could measure the persistence behavior of
various spectral transitions in Y2O3:Eu3+. The measuring system is
schematically indicated in Figure 3.
The blanking speed was in the order of nano-seconds, orders of
magnitude smaller than the decay times of the spectral transitions of
Y2O3:Eu3+. The Bentham monochromator was used to tune the mea-
suring wavelength to the maximum radiance of a particular spectral
transition. Pulse frequency of the beam blanking system was 10Hz.
All measurements were performed at room temperature (298 K).
Results and Discussion
FESEM characterisation.— Figure 4 represents a FESEM micro-
graph of monosized spherical Y2O3:Eu3+ particles forming a film
electrophoretically deposited onto ITO coated glass slide. The parti-
cles are approximately 220 nm in diameter and form a highly dense
layer with a low concentration of voids. As proof as to the monodisper-
sity of the particles, when a solution is allowed to evaporate, a glass–
like thick film is formed that displays a weak opalescence (which is
determined by the diameter of the spherical particles and the close
packing producing a modulation of the refractive index, as occurs in
three-dimensional photonic bandgap crystals) as indeed this material
formed has the optical characteristics of a bare opal.
Cathodoluminescence spectra.— Figure 5 shows CL spectra of
films of monosized spherical Y2O3:Eu3+ nanoparticles excited by an
electron beam of 15keV at a current density of 3 μA/cm2 and temper-
ature of 298 K. The spectra are normalized to 100 arbitrary units for
the 5D0→7F2 (C2) transition at 611nm to indicate what trends can be
observed for the weaker spectral transitions. For reasons of clarity the
spectra with 10%, 4%, 3%, 0.8 and 0.5 mole percent europium have
not been inserted in Figure 5. The inset of Figure 5 shows the wave-
length range between 570 and 605nm in more detail. The strongest
effect can be observed for the 5D0→7F1a (S6) transition at 582nm.
The radiance is weak at 5% Eu3+ and increases by about a factor of
4 for low Eu3+ concentrations. The same behavior can be observed
for the transition at 592 nm, although the effect is smaller than for
the 5D0→7F1a (S6) transition. The peak at 592 nm is a combination
of two transitions, viz. 5D0→7F1b (S6) and 5D0→7F1b (C2) as was
found by Hunt and Pappalardo:6 this explains that the increase of the
normalized radiance of this peak at low Eu3+ concentration is less
than for the 582 nm peak. The spectrum of Y2O3:Eu3+ with 0.01%
Eu3+ exhibits a weak emission peak at 572 nm, shown in the inset
of Fig 5. This emission line cannot be assigned to any energy transi-
tion of Y2O3:Eu3+. It is therefore, confidently assigned to dysprosium
contamination in the Y2O3 material used for the synthesis. Dyspro-
sium has its main luminescence line at 572.5nm which is due to the
7F9/2→6H15/2 transitions; this main transition is not exhibited by the
other lanthanides. The high purity yttrium oxide used in this work
has a number of lanthanide contaminants at the parts per million con-
centration level. During our measurements a weak Gd3+ peak was
observed at 314 nm (not shown in the spectra of Fig 5), which was
also reported by Tanner et al.19 Since this Gd3+ transition was out of
the range of interest of this work and any (very) low intensity peaks
Figure 4. FESEM micrograph of a film of Y2O3:Eu3+ (0.1 Mol% Eu) on
ITO-substrate at 3keV beam energy.
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Figure 5. CL spectra of Y2O3:Eu3+ at various eu-
ropium mole fractions. Beam energy 15keV, current
density 3 μA/cm2. Spectra are normalized to 100
arbitrary units for the 5D0→7F2 (C2) transition at
611nm.
of other lanthanide contaminants are hidden under the much stronger
Eu3+ transitions, we assume that these contaminants do not affect the
results of this study.
We shall now present a consideration on the energy transfer from
Eu3+ in S6 to Eu3+ in C2 as described by others based on PL studies.4–8
As mentioned before, the 5D0→7F1 (S6) transition at 582 nm and the
5D0 →7F2 (C2) transition at 611 nm were selected for this study.
The first step is determining the ratio between these two transitions:
R611/R582. Figure 6 shows a deconvolution of the spectra around 582
and 611nm: this deconvolution enables a determination of the radi-
ances, R582 and R611.
It was assumed that the spectral transitions have Lorentzian shapes.
The spectral radiance SR(λ), where λ represents the wavelength, can
be written as:
S R(λ) =
∑
i
Ai
1 + (λ−λi )2b2i
[2]
Figure 6. Deconvolution of parts of the CL spectrum of Y2O3:Eu3+ (0.8 mole
% Eu) at 15kV and 2μA/cm2. (a) 611 nm region, (b) 582 nm region.
where Ai is the maximum spectral radiance of the ith peak, λi is the
wavelength for the maximum and bi is the half width at half maximum.
The radiance of the ith transition is:
Ri =
∫ ∞
−∞
Ai dλ
1 + (λ−λi )2b2i
= Aiπbi [3]
The relevant transitions are indicated in Figures 6a and 6b. Figure 6
indicates that the full width at half maximum (FWHM) of the
611 nm transition is smaller than that of 582 nm: viz. FWHM611
= 1.22 nm and FWHM582=1.58 nm. For both transitions the FWHMs
did not change as a function of Eu3+ concentration. It is assumed that
the ratio R611/R583 is a relevant indicator of the energy flow from S6 to
C2 sites at short distances between Eu3+ ions. The spectra represented
in Figures 6a and 6b have also been deconvoluted with Gaussian peaks;
for this deconvolution an extra peak was necessary for both spectral
regions. The result of this convolution led to ≈33% lower values of the
ratio R611/R583; however, the essential results and conclusions were
the same.
Figure 7 shows two different plots of the radiance ratio R611/R582:
Figure 7a is a plot of this ratio versus the Eu3+ concentration and
Figure 7b is plot of the ratio versus the average distance DEu between
the Eu3+ ions in the Y2O3 lattice. This average distance in the cubic
lattice is calculated according to:
DEu = 3
√
100M
2ρNc
[4]
where M is the molecular weight of Y2O3, ρ is the density of Y2O3,
being 5.01 g/cm3, and N is Avogadro´s number. The factor 100 appears
in Eq. 4, because c is expressed in %.
If all Y3+ ions in the Y2O3 lattice would have been changed for
Eu3+ ions, the average distance between the Eu3+ ions is 0.334 nm
according to Eq. 4. In the Y2O3 lattice the shortest distance between
the cation sites C2 and S6 is 0.352 nm;4 so, it can be concluded that
Eq. 4 is a fair representation of the average distance between an Eu3+
ion at a S6 site and an Eu3+ ion at a C2 site as a function of the Eu3+
concentration.
Figures 7a and 7b show that the radiance ratio R611/R582 is essen-
tially constant in the range between 0.01 and 0.5% Eu3+.
The diamonds in Figures 7a and 7b represent the experimental
results obtained with the algorithm described in Eqs. 2 and 3; the
dashed curves are best fits to these results.
These curves can be represented by the following phenomenolog-
ical equations:
R611
R582
= G + H1cδ [5a]
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Figure 7. (a) Radiance ratio R611/R582 versus mole fraction of europium in
Y2O3:Eu3+. (b) Radiance ratio R611/R582 versus Eu3+ : Eu3+ distance in the
Y2O3 lattice.
and
R611
R583
= G + H2 D−3δEu [5b]
The parameters G and δ in Eqs. (5a) and (5b) respectively have the
same values; so, the exponent of DEu in Eq. (5b) is 3 times larger
than then the exponent of the concentration c in Eq. (5a), because of
Eq. 4. The values of G, H1, δ and H2 are 5.8, 2.9, 1.1 and 14 respec-
tively. Since the steepness of the fitted curve in Figure 7b is larger than
that in Figure 7a it allows a better estimate of the knee point of the
curve, being 1.7 nm. In Figure 7a this would be equivalent to a con-
centration of 0.8 mole % Eu3+. In other words, the critical distance,
crit DEu, for interaction between the S6 and C2 sites is 1.7nm.
In the literature one usually defines a parameter R0, being the
critical transfer distance, for which the transfer rate of energy from
S6 to C2 is equal to the radiative decay rate.7 Values published for
R0 of Eu3+ cations in the cubic Y2O3 are 0.87 nm,4 0.82 nm7 and
0.86 nm.25 By constructing two spheres both with a radius of R0, the
first centered at an S6 site and the second centered at a C2 site, energy
transfer from S6 to C2 is possible when the spheres overlap. With this
picture in mind it is easy to conclude that the critical distance DEu as
concluded from Figure 7b, is equal to 2R0; so, we get R0=0.85 nm,
which matches well with the published values of R0.
From this straightforward spectral analysis it can be concluded
that an evaluation of the critical energy transfer distance is possible
without extensive analyses on the decay of the emission at various
temperatures (which is the most used method of evaluation). Klaassen
et al.8 also presented the relative intensity from excited 5DJ levels
to the 7FJ-multiplets under stationary electron bombardment at low
current density as a function of the Eu3+ concentration. Although their
highest Eu3+ concentration was only 1%, the knee in their simulated
curve was at ≈0.3% Eu3+, slightly different from our result. The
analysis of Klaassen et al. was based on the evaluation of radiative
decay times and non-radiative decay rates.
Luminous efficiency.— Thin films of Y2O3:Eu3+ mono-sized par-
ticles deposited on ITO coated glass slides were used for measuring
the luminance and spectral radiance. The weight of the Y2O3:Eu films
was 2 mg/cm2. From Figure 4 it can be concluded that the monosized
spherical Y2O3:Eu3+ nanoparticles had a random close packing, al-
though there were areas with a higher packing density. Random close
packing gives a packing density of 0.64. The film thickness F is calcu-
lated using a packing density of 0.65, slightly larger than 0.64, with:
F = W
ρB
[6]
where W is the coating weight, ρ is the density of crystalline phosphor
material, 5.0 g/cm3 for Y2O3:Eu3+, and B is the packing density in
the layer.1 With these values for W, ρ and B the film thickness F is
6.2μm. The penetration depth of 15keV electrons in crystalline Y2O3
is 1.9μm2; so, it can safely be assumed that the electron energy is
absorbed for more than 99% in the phosphor layer.
Figure 8a represents the luminous efficiency calculated from the
luminance measured in the transmission and reflection modes; for
reasons of clarity not all data have been inserted in the graph. The
evaluation method for the luminous efficiency has been indicated
in detail in our previous work.1,2 It can be seen that the luminous
efficiency is essentially constant between 7 and 15 kV. In Figure 8b
the luminous efficiency is plotted as a function of the mole fraction of
Eu. The results of Yang et al.,11 which are also plotted in Figure 8b,
refer to micrometer sized Y2O3:Eu3+ particles and measurements at
4kV.
From our data represented in Figure 8b it can be concluded that
between 1 and 2% mole % Eu3+ in Y2O3 the maximum luminous
efficiency of ≈16 lm/w at 15 keV electron energy is obtained. This
corresponds to an energy efficiency of 5.2%. This result is higher than
we found before.2 The reason for the rather low efficiency in2 was the
non-uniformity of the settled layers: especially in the center area of
the ITO substrate the films were thinner and it is assumed that not all
electron energy was transferred to the phosphor at high beam energy.
In the present study the quality of the electrophoretic layers is better, as
Figure 8. (a) Luminous efficacy as a function of the voltage of the electron
beam. (b) Luminous efficacy as a function of Eu3+ mole fraction at 4 and
15kV. The results of Yang et al.11 at 4kV are also plotted.
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Figure 9. Decay curve of Y2O3:Eu3+ 2%: 5D0→7F1a (S6) transition at 582
nm. The inset shows the logarithm of the radiance (LR) as a function of time.
shown in Figure 4. Jiang et al.14 found that nanocrystalline Y2O3:Eu3+
excited by an electron beam had the highest luminous efficiency at
an Eu3+ concentration of 2.5%. For nanocrystalline Y2O3:Eu3+ with
2% Eu3+ they evaluated a luminous efficiency of 11.5lm/w at 4keV
beam energy from the measurement of the luminance in the reflection
mode only. Our results provide a value of 12.6 lm/w at 4keV, which
is slightly larger than the result of Jiang et al.
Finally it was noted that the highest efficiency of Y2O3:Eu3+
nanoparticles with 2% Eu3+ is about 30% lower than that of mi-
crometer sized Y2O3:Eu3+ particles.10 It is well known that the CL
efficiency of nanoparticles is smaller than that of the corresponding
micrometer sized particles.11,13 This effect is usually attributed to the
surface, which is much larger for nanoparticles than for micrometer
particles.
Decay.— Thin films of monosized spherical Y2O3:Eu3+ nanoparti-
cles were excited with a defocused electron beam of 15kV and current
density of 3μA/cm2. Saturation did not occur at this current density
under stationary conditions, as will be shown in the next section on
the observations in the FESEM. A typical decay curve is presented in
Figure 9.
With a blanking frequency of 10Hz the time for the beam on
was 50 ms, which is much longer than the reported decay times
of Y2O3:Eu3+.8 So, it can be assumed that the energy flow in the
Y2O3:Eu3+ nanoparticles was in a steady state at switching off the
electron beam.
The decay curves recorded during this study can be represented
by a single exponential function. The time constant τ of the decay
has been evaluated from a log plot of the decay curve shown in the
inset of Figure 9. In some cases a correction for the background has
been applied. The inset in Figure 9 shows the algebraic representa-
tion of the regression line. From the coefficient before the param-
eter t the non-corrected time constant can be calculated according
to 434.4/94.04=4.6 ms. From this value an equipment correction of
0.3ms must be subtracted to get the time constant of the 5D0→7F1a
(S6) transition.
Table I shows the time constants in ms for the various spectral
transitions and samples measured during this investigation. The ac-
curacy for the 5D0→7F2 (C2) transition at 611nm is about ±3%. For
the other spectral transitions the accuracy is between ±5 and ±10%.
The S6 transitions are magnetic dipole transitions and it is therefore
expected that the time constant of the decay is longer than for cor-
responding (allowed) C2 transitions. This behavior is reflected in the
time constants listed in Table I. The time constant of the 5D0→7F2
(C2) transition is shorter than that of the 5D0→7F1a (S6) transition,
while the mixed peak at 592nm has an intermediate value, because it
is made up of a combination of a C2 and S6 transition, as indicated
before. The 5D1→7F1 (C2) transition at 533 nm has a much shorter
Table I. Decay times (in ms) of Y2O3:Eu3+ with different
Eu concentration measured at 15keV and current density of
≈3μA/cm2.
5D0→7F2 5D0→7F1 5D0→7F1
Eu3+ (%) (C2) (611 nm) (S6) (582 nm) (C2/S6) (592 nm)
10 0.70 1.0 0.77
5 0.92 1.8 1.2
4 0.96 2.6 1.5
3 1.03 3.4 1.6
2 1.06 4.3 1.7
1 1.05 4.8 1.7
0.8 1.02 5.8 1.7
0.5 1.03 6.5 2.5
0.3 1.02 5.6 1.7
0.1 0.95 4.5
0.01 0.99
time constant, <50 μs. Because of the limitations of our equipment, it
was not possible to measure an accurate value for this time constant.
The time constants vary as a function of Eu3+ concentration: for
the 5D0→7F2 (C2) transition at 611 nm; they stabilize at 1.02 ms
for concentrations <1% Eu3+. Klaassen et al.8 also observed in their
PL-experiments that time constants of the transitions in Y2O3:Eu3+
with high Eu3+-concentration are smaller than those with lower Eu3+
concentrations; they attributed this effect to concentration quenching.
According to their analysis, the reciprocal time constant 1/τ can be
written as:
1/τ = 1/τr + Acγ [7]
where τr is the radiative time constant and the second term represents
the radiationless decay rate, c is the concentration of Eu3+ in % and
A and γ are parameters that are fitted to the measured time constants .
The data listed in Table I are visualized in Figures 10a and 10b: as
a function of Eu3+ concentration and as function of the average Eu3+
: Eu3+ distance in the Y2O3:Eu3+ lattice respectively.
From Figures 10a and 10b it can be concluded that the radiative
decay time for 5D0→7F2 (C2) is 1.04 ms and for 5D0→7F1 (S6) it is
5.4 ms, which is in fair agreement with the results of Klaassen et al.8
By inserting Eq. 4 in (7) we get:
1/τ = 1/τr + A∗ DEu−3γ [7a]
Figure 10b shows 1/τ versus DEu, which is the average Eu3+ : Eu3+
distance in Y2O3:Eu3+, (depending on the tri-positive europium con-
centration in the yttrium oxide host lattice) for the 5D0→7F2 (C2)
transition at 611 nm and the 5D0→7F1 (S6) transition at 582 nm. The
parameters used for the calculation of the dashed curves in Figure 10b
are listed in Table II. It can be seen in Table II that 3γ is 6 for 5D0→7F2
(C2) and 5.8 for 5D0→7F1 (S6): the exponent of DEu in Eq. (7a) is
≈ -6 for both transitions. So, it can be concluded that dipole-dipole
interaction for both transitions causes the decrease of the decay time
at higher Eu3+ concentrations. The difference between the two curves
is the value of the factor A∗, which is much larger for the 5D0→7F1
(S6) transition.
Table III shows a comparison of the time constants of decay curves
of Y2O3:Eu3+ of various transitions measured by other workers. The
agreement is satisfactory, although it is difficult to draw conclusions
on the concentration effect of Eu3+ in Y2O3:Eu3+, because its con-
centration is not always stated in the references cited in Table II.
FESEM observations.— Figure 11 shows FESEM images of
monosized sphericalY2O3:Eu3+ nanoparticles on a polished alu-
minum pin stub (the polishing features can clearly be observed).
Aluminum pin stubs were chosen to reflect some of the light gen-
erated in the particles in order to maximize the photon collection
in the light pipe of the variable pressure secondary electron (VPSE)
detector as indicated in Figure 2. Figures 11a and 11b are images
of the same area, Figure 11a is the SE-micrograph and 11b is the
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Figure 10. Reciprocal time constants for the 5D0→7F2 (C2) transition at 611
nm and 5D0→7F1 (S6) transition at 582 nm plotted versus Eu3+-concentration
in (a), and versus Eu3+ : Eu3+ distance in (b). Triangles and diamonds are
experimental results; dashed curves in b are calculated according to Eq. 7a.
The results of Klaassen et al.8 are also represented in (a).
Table II. Parameters for decay curves represented in Figure 10b.
Parameter 5D0→7F1a (C2) (611 nm) 5D0→7F1 (S6) (582 nm)
1/τr (ms) 1.04 5.4
A∗ 62 140
γ 2.0 1.9
CL-micrograph. The SE-micrograph is a clear picture and shows de-
tails of the particles, whereas in the CL-micrograph the nanoparticles
are smeared out in the horizontal direction and show a comet-like tail.
The reason for this blurring is the decay of CL in Y2O3:Eu3+. So,
the smearing of CL-images offers the opportunity to measure decay
times of CL-phosphors.3 Figure 11b shows a halo effect, which is
particularly visible for clusters of Y2O3:Eu3+ nanoparticles. The halo
is caused by BSEs emitting from the aluminium-substrate positions
around the Y2O3:Eu3+ nanoparticles or clusters. These BSEs may also
hit the phosphor nanoparticle and since the energy of the BSEs is large
enough, CL is generated.
Figure 11 (a) SE-micrograph of Y2O3:Eu3+ (2% Eu3+) nanoparticles on an
Al-substrate. Beam energy: 10keV. b: CL-micrograph of the same area and
same beam energy. Recorded at 20.2 seconds/frame.
Figure 12 summarizes the most important feature of the CL-
micrographs, viz. that the smearing out in the horizontal direction
decreases and virtually disappears for Y2O3:Eu3+ nanoparticles with
low Eu3+ concentration. The decay curves of some individual nanopar-
ticles have been analyzed with ImageJ software and the results are
summarized in Table IV. Table IV shows that the time constant de-
creases at low Eu3+ concentration. At 0.1 and 0.01% Eu3+ no horizon-
tal tail can be observed for a dwell time of 260μs per nanoparticles.
However, by decreasing the dwell time to 2.5μs, the tail becomes
visible again as shown in Figure 12.
The results presented in Figure 12 and Table IV will be interpreted
in terms of saturation of the CL. The parameters that determine the
degree of saturation under electron bombardment, i.e. loss of effi-
ciency, are current density j, activator concentration c, time constant τ
of the spectral transition and duration of the pulse t in non-stationary
conditions. 8,9 Let us first consider the current density in the electron
microscope. In focused condition the spot size of the electron beam
Table III. Comparison of time constants (in ms) of luminescence decay of Y2O3:Eu3+.
5D0→7F2 (C2) 611 nm 5D0→7F1a (S6) 582 nm 5D1→7F1 (C2) 533 nm Not specified Remark Ref.
1.76 PL 15
1.2 PL: YAG-Nd 532nm 16
0.96 6.9 0.09 1) PL: 0.01% Eu 8
1.1 CL: 4keV 26
1.1 7.9 PL 7
1.2 CL: 1kV and 1μA/cm2 10
0.08 CL: 4kV 4.6%Eu 27
0.97 5.5 < 0.05 CL: 15kV 0.1%Eu This work
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Figure 12. CL-micrographs of Y2O3:Eu3+ nanospheres with various Eu3+
concentrations at 10keV. Dwell time of the E-beam on one sphere is 260 μs.
For the 0.01% Eu3+ sample the magnification is smaller. For the image of scan
speed 9 (ss9) the dwell time is 40 μs and for ss5 it is 2.5 μs.
is 2 nm and the current is about 1nA in the FESEM. This yields a
current density at the position where the beam hits the phosphor of
3×104A/cm2. This current density is so high that Y2O3:Eu3+ will
hardly emit any light, contrary to what is observed in Figures 11 and
12. Thus, the effective current density must be lower and its value can
be estimated by considering the interaction volume of the E-beam in
the phosphor.
In the FESEM the E-beam dwells for a short time t on the
Y2O3:Eu3+ nanoparticles having a diameter of 225 nm, which corre-
sponds to a cross section of 4×10−10 cm2. In other words, the effective
current density hitting the particle is 2.5A/cm2. The interaction vol-
ume of a narrow electron beam of 10keV impinging on a nanoparticle
of 225nm is depicted in Figure 13. This shows a simulation result
generated with the Casino software package, made and described by
Drouin et al.28 This package yields electron trajectories in a solid by
a Monte Carlo algorithm. The essential output shown in Figure 13 is
the interaction volume in a large crystal of Y2O3, much larger than the
dimension of one spherical nanoparticle of 225 nm. The effect of the
denser Eu3+ may be neglected in these simulations. The cross section
of the interaction volume is taken at the contour line of 95% absorbed
energy. This interaction volume is much larger than the volume of one
nanoparticle: therefore, a substantial fraction of the E-beam energy is
Table IV. Time constants of individual Y2O3:Eu3+ nanoparticles
evaluated by ImageJ from CL-micrographs.
Concentration Eu3+ (%) τ (ms)
10 0.8
5 0.9
2 0.5
1 0.4
0.5 0.2
0.3 0.3
Figure 13. Casino simulation of electron trajectories in Y2O3:Eu3+. E-beam
energy 10keV. The volumes inside the contour lines have absorbed the indicated
irradiated electron energy. The dimension of the nanospheres used in this work
has been overlaid in the diagram to facilitate comparison.
not absorbed by the Y2O3:Eu3+ nanoparticle at 10keV. The contour
line of 50% absorption is just within the dimensions of the nanoparti-
cles used in this work, and thus slightly more than 50% of the electron
energy is expected to be absorbed in the nanoparticle, if it were struck
centrally (as shown) and less if it were struck to one side. From this
consideration it can be concluded that the effective current density for
the Y2O3:Eu3+ nanoparticles in the FESEM is approximately 0.5×2.5
= 1.25A/cm2: this is still more than 6 orders of magnitude larger than
the current density in the experiments described in the section on
luminous efficiency and emission decay.
Klaassen et al.8 measured the CL saturation of transitions from
the 5D0 (C2) and 5D1 (C2) levels for Y2O3:Eu3+ with 1% Eu3+ as a
function of current density between 1×10−6 and 1×10−2 A/cm2 under
stationary conditions. Figure 14 is a double log plot of the relative
efficiencies of the dominant 5D0 -7F2 (C2) transition at 611nm and the
fast decaying 5D1→7F1 (C2) transition at 533 nm for Y2O3:Eu3+ with
a Eu3+ concentration of 1%, according to Klaassen et al.8 The curves
at j>1×10−2 A/cm2 are extrapolations from the data of Klaassen
et al. Point F in the plot indicates the effective current density for
Figure 14. Relative CL-efficiency of two transition types in Y2O3:Eu3+ (1%
Eu3+) versus current density under stationary excitation conditions according
to Klaassen et al.8 Point F on the horizontal axis marks the effective current
density in the FESEM for one particle; it is located outside the measuring range
of Klaassen et al.
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one Y2O3:Eu3+ nanoparticle in the FESEM. It can be seen that under
stationary conditions the efficiency of the5D0 →7F2 (C2) peak is only
0.3% of the efficiency at low current density (1μA/cm2), while the
efficiency of the 5D1→7F1 (C2) transition is still 1.2% of its value at
1μA/cm2.
Klaassen et al.8 also measured the current density j50% at which
the relative efficiency is 0.5 for various concentrations of Eu3+. At
stationary conditions they found that j50% varied only by a factor of
2 for a concentration change of a factor of 20. In other words, j50% is
rather insensitive to the Eu3+ concentration. Stationary conditions are
defined by the inequality t/τ>1: this holds for the 5D1→7F1 (C2)
transition at 533nm with τ≈50 μs in the normal scanning conditions
of the FESEM, whereas we have t/τ <1 for the 5D0→7F2 (C2)
transition at 611nm. Thus the application of the Klaassen et al. data
for our FESEM experiments is not completely justified for the 611
nm transition. Nevertheless, it is assumed that the relative efficiency
of this transition in the FESEM at t=260μs is only a little bit larger
than under stationary conditions as represented in Figure 14.
In spite of this uncertainty, it can be concluded that Figure 14 pro-
vides a satisfactory explanation of the CL-micrographs in Figure 12:
at low Eu3+ concentrations the light output for the 5D0–7F2 (C2) tran-
sition virtually disappears, whereas the fast decaying 5D1→7F1 (C2)
transition is still emitting light. The consequence is that the horizontal
tails in Figure 12 disappear at low Eu3+ concentration, because the
(very short) decay tail of the 5D1→7F1 (C2) transition is hidden by the
halo effect around the particles. It should be kept in mind that Figure
14 refers to relative efficiency, whereas Figure 12 refers to a greyscale
being proportional to the total light output. Figure 14 also explains the
decrease of the decay time of Y2O3:Eu3+ for low Eu3+ concentrations
in Table IV, because the contribution of the 5D0 levels in the decay
phenomenon is almost disappearing, so that the effect of fast decaying
5DJ levels becomes clearer. As mentioned in the experimental section,
the CL-detector in the FESEM was panchromatic; so, we could not
record spectra of individual Y2O3:Eu3+ nanoparticles at high current
density. We plan to do this in the future.
Conclusions
The results obtained in this CL study of monosized spherical
nanoparticles Y2O3:Eu3+ largely confirm the work on micrometer
sized Y2O3:Eu3+ published between 1970 and 1995.
One clear difference is the luminous efficiency, which is about 30%
lower for the nanoparticles than that of micrometer sized particles.
We have presented a new theory that enables a straightforward
evaluation of the critical distance for radiationless energy flow from
Eu3+ ions in S6 sites to Eu3+ ions in C2 sites. This evaluation re-
quires recording of CL spectra at various Eu3+ concentrations at room
temperature.
From the explanation of the results we have discussed above we
find no evidence for a none statistical preference of Eu3+ for either of
the crystallographic sites in cubic Y2O3:Eu3+.
From the detailed analysis of the decay of the 5D0→7F2 (C2)
transition at 611 nm and 5D0→7F1 (S6) transition at 582 nm it was
found that the interaction between excited Eu3+ ions varies with the
inverse of the sixth power of the Eu3+ : Eu3+ distance indicating that
this type of interaction has a dipole-dipole nature.
Furthermore, we have shown that the interpretation of FESEM
CL-micrographs of Y2O3:Eu3+ nanoparticles was possible due to the
detailed information that was published on the saturation and decay
behavior. Conversely it can be concluded that CL-microscopy offers
opportunities to generate new information on (nanostructured) phos-
phors.
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